Abstract Variations of beach morphology in both the cross-shore and alongshore directions, associated with tidal creeks, are common at natural coasts, as observed at a field site on the east coast of Rarotonga, Cook Islands. Field investigations and three-dimensional (3-D) numerical simulations were conducted to study the nearshore groundwater flow and solute transport in such a system. The results show that the beach morphology, combined with tides, induced a significant alongshore flow and modified local pore water circulation and salt transport in the intertidal zone substantially. The bathymetry and hydraulic head of the creek enabled further and more rapid landward intrusion of seawater along the creek than in the aquifer, which created alongshore hydraulic gradient and solute concentration gradient to drive pore water flow and salt transport in the alongshore direction within the aquifer. The effects of the creek led to the formation of a saltwater plume in groundwater at an intermediate depth between fresher water zones on a cross-shore transect. The 3-D pore water flow in the nearshore zone was also complicated by the landward hydraulic head condition, resulting in freshwater drainage across the inland section of the creek while seawater infiltrating the seaward section. These results provided new insights into the complexity, intensity, and time scales of mixing among fresh groundwater, recirculating seawater and creek water in three dimensions. The 3-D characteristics of nearshore pore water flow and solute transport have important implications for studies of submarine groundwater discharge and associated chemical input to the coastal sea, and for evaluation of the beach habitat conditions.
Introduction
Submarine groundwater discharge (SGD) has been widely recognized as a major component of the hydrological cycle and represents a significant pathway for delivery of continental freshwater and land-derived chemicals to the coastal sea [Li et al., 1999; Moore, 1999; Taniguchi et al., 2002; Burnett et al., 2003; Slomp and Van Cappellen, 2004; Burnett et al., 2006; Bratton, 2010; Moore, 2010; King, 2012; Santos et al., 2012] . SGD from unconfined nearshore aquifers is linked to complex pore water flow coupled with solute transport in the intertidal zone driven by tides, waves, and inland hydraulic head gradients [Robinson et al., 2007b; Li et al., 2008; Xin et al., 2010; Abarca et al., 2013; Heiss and Michael, 2014; Xin et al., 2014; Geng and Boufadel, 2015] . In the present study, detailed field measurements combined with three-dimensional model simulations were carried out to investigate pore water flow and salt transport processes in a natural tidally driven groundwater system (Figure 1 ). Within this system, a tidal creek influences significantly local beach morphology and hydraulic heads, and hence the groundwater flow and associated solute transport.
Most previous studies of nearshore pore water flow and salt transport focused on phenomena and processes in the cross-shore direction. These studies have advanced our understanding of the nearshore groundwater system significantly (see Santos et al. [2012] for a review). For example, fresh groundwater discharge to the sea has been shown to take place through a ''tube'' confined by a lower saltwater wedge and an upper saline plume on a two-dimensional (2-D) cross-shore vertical section under the influence of tides and waves [Boufadel, 2000; Michael et al., 2005; Robinson et al., 2006 Robinson et al., , 2007b Kuan et al., 2012; Abarca et al., 2013] . More recently, Zhang [2015] conducted a field investigation and numerical simulations based on a 2-D model to demonstrate the combined effects of cross-shore beach morphology and tides on the groundwater discharge location and local seawater recirculation under multiple beach slopes. All these studies have, however, assumed alongshore uniformity of the nearshore groundwater system, neglecting alongshore variations of beach morphology typically associated with adjacent surface water features such as a tidal creek. Yet the alongshore morphological variations may also play an important role in determining the pore water flow in the nearshore zone. Moreover, the presence of a tidal creek can induce alongshore hydraulic gradients to drive pore water flow and solute transport in the alongshore direction. 
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Alongshore variability of the nearshore groundwater system has been examined previously with a focus on tide-induced groundwater table fluctuations [Sun, 1997; Li et al., 2000] . Li et al. [2002] considered tidal water table fluctuations in a coastal aquifer bounded by rhythmic shorelines and derived a first-order approximation for small tidal signals. This work was later extended by Jeng et al. [2003] with the incorporation of the second-order terms and capillary effects. Chen and Zhou [2009] developed a 2-D model to investigate groundwater table fluctuations in a fan-shaped anisotropic coastal aquifer. These studies based on 2-D depth-averaged models are limited in revealing the nearshore groundwater flow and solute transport dynamics beyond water table fluctuations because of the assumptions made with the governing Boussinesq equation (hydrostatic pressure and constant density) and simplifications of the boundary conditions at the beach surface. How alongshore morphological variations and a tidal creek affect the pore water flow and solute transport in the nearshore aquifer remains largely unknown.
The effects of tidal creek on adjacent groundwater flow have been examined in coastal lagoons [Peterson et al., 2010] , salt marshes [Goni and Gardner, 2003; Gardner, 2005; Wilson and Gardner, 2006] , and hyporheic and riparian zones [Acworth and Dasey, 2003; Lenkopane et al., 2009] . The results from previous studies suggested that tidal creeks may significantly affect groundwater flow dynamics, salinity, and concentrations of metal and nutrients in coastal groundwater systems. Based on a synthetic 3-D model, Xin et al. [2011] demonstrated a profound three dimensionality of pore water flow in a tidally influenced creek-marsh system linked strongly to the marsh topography at various scales. The creek embedded in the marsh was shown to play a crucial role in determining the overall pore water flow patterns in the marsh soil. One would expect that a tidal creek and associated complex beach morphology are likely to affect pore water flow and salt transport in the nearshore aquifer, influencing 3-D flow and salt distributions. However, to the authors' knowledge, these effects have not yet been explored and few numerical simulations have been conducted to study nearshore pore water flow and salt transport based on a real coastal groundwater system with spatial variability particularly in the alongshore direction.
In this study, numerical simulations using a 3-D model based on the conditions of the field site were conducted to investigate nearshore pore water flow and salt transport processes under the influence of both cross-shore and alongshore morphological variations as well as the tidal creek. Of particular interest is how these variations and the creek affect the mixing among the groundwater, seawater, and creek water. Although 2-D simulations shed light on the cross-shore groundwater dynamics, 3-D simulations are required to better understand the hydrological complexity of interactions among the bi-directional beach morphology, tidally influenced surface water, and groundwater. In analyzing the simulation results, we focused on salt distributions in the aquifer compared with measurements, flow patterns as revealed by particle traces, and rates of pore water inflow and outflow across the aquifer-ocean interface. The purpose of the study was to explore the 3-D flow and salt distribution characteristics in nearshore groundwater systems at natural coasts, where alongshore beach morphology as encountered at the study site is common.
Field Investigations
Field investigations were conducted at a carbonate sandy beach of the Muri Lagoon on the east coast of Rarotonga, Cook Islands ( Figure 1a ). Rarotonga is a volcanic island surrounded by fringing reefs and a permeable carbonate sand lagoon. Many minor streams drain into the lagoon. Several of these streams are ephemeral and characterized by small catchments and high flows following flood events [Holden, 1992; Erler et al., 2014; Tait et al., 2014] .
Measurements were conducted twice at the study site from 17 to 25 February 2011 and from 12 to 23 March 2012, respectively (Figures 1a and 1b) . The beach morphology was surveyed using a Leica total station. Tidal fluctuations, groundwater heads, and salinity were measured regularly. Water levels in piezometers were recorded automatically every 10 min by pressure transducers (In Situ MiniTroll and Schlumberger CTD-Divers). Multilevel samplers (MLS), similar to the ones designed by Martin et al. [2003] and Gibbes et al. [2007] , were used to extract pore water samples from sampling ports every 2 h over a 24 h monitoring period. Extracted samples were directly analyzed using a HYDROLAB instrument (MS5). The collected data were used for developing, calibrating, and validating the numerical models. Further details of the field methods and data collection can be found in Zhang [2015] .
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Here we highlight the morphological features of the field site. The studied area was bounded by a tidal creek (Figures 1b and 1c) . Near the creek, alongshore variations of the beach morphology were profound but became less significant with the distance away from the creek. In the area from y 5 210 m to y 5 10 m, the beach profile varied mainly in the cross-shore direction, i.e., with the shoreline being parallel to the y axis.
Numerical Models
Simulations of three-dimensional (3-D) variably saturated, variable density groundwater flow and solute transport were performed with the finite element code SUTRA [Voss and Provost, 2008] . The flow simulation by SUTRA is based on the governing equations of pore water flow and solute transport listed below (equations (1-3)). Darcy's law is used to describe the flow driven by hydraulic head gradients including the density and capillary effects (equation (2)). The fluid density is related to the solute concentration according to q5q 0 1@q=@C3ðC2C 0 Þ. Solute (salt) transport through the porous medium is driven by advection and hydrodynamic dispersion (equation (3)). The relative permeability (K r ) and the saturation-capillary pressure relationship are described by equations (4a) and (4b) [van Genuchten, 1980] . 
Model Domain
Field investigations provided geomorphological data for setting up the 3-D model for the study site, in particular, the beach surface and the creek geometry ( Figure 1c ). The model domain was 230 m long in the cross-shore direction (x). In the alongshore direction (y), the width of the domain varied following the creek channel. The width of the domain was set to 33 m at the inland side and increased toward the shore (to 63 m maximum at x 5 80 m). Note that because of its strong influence on the adjacent groundwater on both sides, the creek serves as a hydraulic divide and a boundary of the modeled groundwater system on the side that was monitored.
The presence of the adjacent creek significantly affected the local beach morphology. The creek cross section was outlined based on measurements of the two side banks and bed. The creek channel emerged around x 5 30 m and extended to x 5 110 m where it intersected with the lagoon. According to the survey data, the beach surface was simplified to incline uniformly toward the shoreline between x 5 250 m and x 5 0 m where small topographic variations would have very little effect on the groundwater flow. Seaward of x 5 0 m, the nearby beach surface was inclined toward the creek and the lagoon, with reduced slopes and following the creek curvature. With the increased distance away from the creek, the beach profile became invariant in the alongshore direction, especially from y 5 210 m to y 5 10 m. Overall, the beach surface was steeper in the upper intertidal zone than in the lower intertidal zone. Near the creek, the intertidal zone expanded due to smaller beach slopes. A previous survey showed a homogeneous sandy layer of depths up to 12 m at the study site [Ricci and Scott, 1998 ]. Thus, the simulated domain was set to be 10 m deep from the mean sea level and assumed to be homogeneous. However, it should be pointed out that uncertainties existed in the model due to lack of detailed geological information about the site.
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Boundary Conditions and Model Parameters
The base of the aquifer was assumed to be a no-flow boundary. The inland boundary, reasonably far from the shoreline, was prescribed with a constant freshwater head and a background salt concentration of 1 ppt according to field measurements. The seaward boundary condition for the intertidal zone varied with the tide. To generate synthetic tidal signals for the model, measured tidal oscillations from both the 2011 field trip (over 5 days of the spring-neap cycle) and the 2012 trip (over 11 days of the spring-neap cycle) were combined for a harmonic analysis based on equation (5) with multiple tidal constituents considered as listed in Table 1 ,
where h tide [m] is the synthetic tidal signal; MSL [m] is the mean sea level; t is the elapsed time; and
, and d i are the amplitude, corresponding tidal frequency, and phase of tidal constituent i, respectively. For each tidal constituent, as its frequency is known, the corresponding amplitude and phase can be estimated based on fitting to the measured data using the least squares method [Li and Boufadel, 2010] . The measured tide data were reasonably well fitted by equation (5) (Figure 2a and Table 1 ). Submerged nodes on the beach surface were treated as part of a boundary with prescribed heads set according to the tidally fluctuating water level in the lagoon. As the tide receded, nodes in the intertidal zone became exposed and potentially part of a seepage face that might form on the beach surface. The seepage-face bounary condition was implemented according to Xin et al. [2010] .
Measurements showed that the creek water level remained relatively stable (the same elevation as the creek bank) at the upstream end and fluctuated with the sea level in the intertidal zone (as shown later in Figure 3 ). The creek boundary condition was determined accordingly, with the creek bank pressure set to the atmospheric pressure in areas landward of the instantaneous shoreline and in submerged areas prescribed by the hydrostatic pressure according to the local water depth given by the lagoon water level. On the other side of the domain at y 5 10 m, a no-flux boundary was applied under the assumption of negligible local alongshore variability.
On the creek boundary, the solute (salt) concentration of water entering the aquifer was set according to local creek water salinity estimated from measurements. The creek water salinities at both the landward (x 5 30 m) and seaward (x 5 110 m) ends were measured through shallow wells installed in the bed continuously during the 2012 field trip ( Figure 2b ). Due to lack of measurements during the 2011 field trip, the creek water salinity measured over the late spring tides (between days 6 and 7) during the 2012 field trip was used repeatedly to represent the creek condition over the 2011 field campaign period (from days 0 to 5 in the simulated spring-neap cycle). Salt concentrations along the creek boundary were interpolated between measurements at the landward and seaward ends. On the beach surface, the salt concentration of water entering the aquifer was set to that of the lagoon water. Zero concentration gradient was set on the seepage face and zero flux was applied on no-flow boundaries.
Previous resistivity profiling results showed that the studied area contained a sand layer of approximately 10 m thickness, in which the deposits appear to be quite homogeneous [Ricci and Scott, 1998 ]. Hence, the simulated domain was assumed to be hydraulically isotropic and homogeneous with a depth of 10 m below the mean sea level. The measured porosity of carbonate sediment was 0.65 . The measured hydraulic conductivity (17.28 m/d) was used in the model initially [Befus et al., 2013] . The longitudinal dispersivity and transverse dispersivity were set to be 0.5 and 0.05 m (same as in Xin et al. [2010] and Kuan et al. [2012] ), respectively. Typical values of the water retention parameters a and n for sand were used: 14.5 m 21 and 2.68, respectively [Carsel and Parrish, 1988] . 
Numerical Simulations
The stability of the numerical solution depends on the value of a mesh P eclet number. Stability is usually ensured within SUTRA when Dl=a L 4, which gives a criterion for choosing the maximum mesh size Dl along the local flow direction [Voss and Provost, 2008] . For the simulations presented here, a L was set to 0.5 m and hence the grid size should be less than 2 m as a rule for spatial discretization. As a result, the beach face was represented by 13,860 nodes (13,570 elements) on the horizontal (x-y) plane. In the vertical direction, the simulation domain was divided into 32 layers. The mesh was refined with smaller grid sizes in the intertidal zone and the creek region with Dl around 0.5 m in the x (cross-shore) direction and 0.2 m in the y (alongshore) direction compared with 1 m for grids in areas away from the intertidal zone. A time step of 600 s was used. Tests on simulation results' independence of the grid size and time step ascertained the convergence and stability of the numerical solutions.
The initial condition was adjusted to obtain a good match between model predictions and observed water heads at the beginning phase of the field investigations. First, a simulation with no tidal forcing was conducted. A steady state was reached when the saltwater wedge became stagnant. Then the spring-neap tides were introduced to the model. The simulated heads were compared with the initial heads measured in the inland and intertidal areas, respectively. Under the tidal influence, an alongshore saline plume started to develop from the creek in addition to the cross-shore saltwater wedge and upper saline plume. The dispersion zones of these saline plumes continued to widen until a quasi steady state was reached. At the quasi steady state, the cross-shore saltwater wedge and the creek-originated saline plume moved little while the upper saline plume slightly contracted and expanded over each tidal cycle. Once a good match of simulated and observed water heads was achieved at the observation wells for the initial period, the results of predicted heads and salt concentrations at the ending time step were used as the initial conditions for the simulation over the rest of the monitoring period. Two simulations were conducted with inland water heads measured during the 2011 and 2012 field trips, respectively. During the latter trip, the measured inland water head was 0.8 m higher. The change of the inland head led to a significant difference in the average hydraulic gradient over the cross-shore distance between the two scenarios.
Results and Discussions
The simulation results are compared with the data at the locations of pressure transducers and multilevel samplers installed at the site during the field campaigns ( Figure 1b) . To examine the influences of the creek and alongshore beach profile variations on groundwater flow and solute transport in the nearshore aquifer, analyses of the simulation results were carried out to focus on pore water flow over different time scales, development of saline plumes, saline and freshwater fluxes and flow patterns revealed by particle tracking.
Comparison Between Simulation Results and Data
The numerical model was calibrated by matching the simulated water head and salinity with measured data. The calibration considered boundary conditions and porous medium properties including hydraulic conductivity, porosity, dispersivity, and parameter a in equation (4b). However, adjustments of porosity, dispersivity, and soil water retention parameter were found to improve little the match between simulation results and data. Only an increased conductivity value (132.3 m/d) enabled the model to better capture the overall head fluctuations. The adjusted value is relatively high but within the typical range for coarse sands-the sediment type at the site according to measured grain sizes [Cyronak et al., 2013] . In addition, given the potential influence of the aquifer heterogeneity [Krantz et al., 2004; Mulligan et al., 2007; Russoniello et al., 2013] , we divided the aquifer into zones with different hydraulic conductivities. Although the match with data was not improved, the simulation results provided useful information for understanding the behavior of the nearshore groundwater system. The details of model calibration and effects of various calibrated parameters are included in supporting information.
After model calibration, an overall agreement between simulated and measured heads was achieved to a certain degree (Figure 3 ). For the 2011 transect, simulations reproduced the head variations in terms of fluctuating amplitude and phase lag (Figures 3a-3c ). However, simulated heads at piezometers PB, PE, and PG were 10 cm higher than the data after 140 elapsed hours, especially over high tides. This was due to the difference between real tide data and the synthetic signal, as confirmed by an additional simulation using the 
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10.1002/2015WR017420 measured tidal data for the seaward boundary condition (details in supporting information). Note that the synthetic signal was adopted because the measured data did not cover a full spring-neap tidal cycle. For the 2012 transect (Figures 3d-3l ), the model reproduced water level fluctuations (mean absolute error within 5 cm) at most locations: backshore (R3, R5, and R12), foreshore (R7 and R8), the creek upstream end (R18), and downstream end (R19). However, the water heads at R6 (Figure 3f ) and R13 ( Figure 3j ) were under-predicted. Recorded water heads at R6 and R13 were even higher than tides when submerged during high tides. This indicated that the local water levels might have been raised by converging currents probably caused by the interaction between the creek water and seawater.
Three-dimensional simulation results revealed a salinity distribution generally characterized by an upper saline plume, a lower saltwater wedge and a groundwater discharging zone in the cross-shore direction, which was consistent with the field observation along the 2011 transect (Figures 4a and 4b ). In particular, the upper saline plume was reproduced landward of x 5 103 m while the saltwater wedge was predicted seaward of x 5 106 m. The simulated pore water within the discharging zone was, however, more saline than measured salinities. The lowest pore water salinity in this zone according to the field data was approximately 18 ppt at x 5 103 m and z 5 22.3 m. At this location, the 3-D model predicted pore water salinities around 22 ppt. A clear trend shown by the field data was a contraction of the upper saline plume from 21 to 22 February 2011 due to decreased tidal force [Robinson et al., 2007b] . The 3-D model replicated this trend with the prediction of a reduced, less salty upper saline zone.
The measured salinity distributions along the 2012 transect were complex (Figures 4c and 4d) . Unexpected high salinities up to 26 ppt were measured at MLS1 to the depth of 1.2 m below the sediment surface. This was unlikely induced by seawater infiltration driven by oceanic forces directly, because MLS1 was located at least 6 m landward of the maximum wave runup limit. We also observed an expansion of this saline zone from 18 to 20 March 2012. Furthermore, MLS2 and MLS3 captured another saline plume around z 5 24 m with less salty water overlying. These anomalous salt distribution patterns cannot be explained based on cross-shore solute transport processes alone and, as shown in the following, are linked to alongshore solute transport initiated from the adjacent creek.
Several 2-D slices of the 3-D model output were selected to show the simulated salinity distributions in three dimensions ( Figure 5) . A lateral saltwater intrusion zone developed in the alongshore direction from 
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the creek boundary with pore water salinity gradually decreasing with depth and with distance away from the creek. The pore water salinity was about 15 ppt at x 5 60 m at the creek compared to very fresh pore water on the other side (y 5 210 m). As shown in the slice plot at x 5 84 m (Figure 5a ), the width of the creek-originated alongshore saline plume was approximately 20 m. Although the simulated alongshore saline plume did not develop as far as MLS1, the 3-D model predicted less dense water above and below denser water near MLS1. Moreover, the 3-D simulation results showed that the creek-originated saline plume expanded in the alongshore direction, a similar trend to the expansion of the measured plume around MLS2.
Although it is difficult to reproduce the observed saline plumes exactly, the 3-D model revealed complex salt distributions at the study site, which are consistent with the observations. The presence of the creek had impacts on both the beach morphology and hydraulic heads, which in turn affected the nearshore pore water flow and solute transport. The creek acted as a conduit for rapid and further landward transmission of tidal signals with oscillations of hydraulic head and salinity. These oscillations were transmitted subsequently in the aquifer and produced the alongshore saline plume. The creek-originated alongshore plume interacted with the cross-shore saltwater wedge and created a wide saline zone near the creek where the groundwater flow became more complex and dynamic. The flow and associated solute transport dynamics are examined in detail below based on the 3-D simulation results.
Groundwater Flow and Associated Salt Transport
We first examined the averaged hydraulic head and head gradient to provide an overall understanding of the studied system. The hydraulic head and the head gradient were averaged over the aquifer depth and the spring-neap tidal period (Figure 6a ). The head variations were found to be strongly affected by the bidirectional (cross-shore and alongshore) beach morphology. In the alongshore direction, the mean head 
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decreased toward the landward section of the creek (landward of x 5 60 m) but increased toward the seaward section of the creek (seaward of x 5 60 m). Consequently, drainage to the landward section of the creek and groundwater recharge by the seaward section of the creek characterized the overall alongshore flow field in the near-creek area. Away from the creek, the flow is predominantly seaward in the cross-shore direction.
Averaged salt concentrations were also calculated over the spring-neap tidal cycle (Figure 6b ). The threedimensional salinity distribution showed the complicated interaction between the saltwater wedge and the creek-originated saline plume. The saltwater wedge formed as a result of density-driven saltwater circulation [e.g., Ataie-Ashtiani et al., 1999; Smith, 2004] . Toward the creek, the saltwater wedge extended further landward. At y 5 250 m, the average width of the saltwater wedge bounded by the 5 ppt contour line and 31 ppt contour line reached a width of 70 m in the cross-shore direction, compared with the 10 m width of saltwater wedge at y 5 10 m. The combined effects of tides and flat beach morphology stretched the high concentration edge of the plume seaward and the low concentration edge landward in the near-creek area. The creek-originated high saline zone also led to the expansion of the saltwater wedge. Beneath the creek mouth, the high-salinity zone as shown by the 30 ppt contour line was approximately 20 m long in the x direction, 10 m wide in the y direction, and 6 m high in the z direction. This indicated a continuous salt influx across the seaward section of the creek bed and subsequent alongshore transport of highly saline water from the creek.
To examine the flow characteristics at different tidal stages, five slices were selected, including one horizontal plane (z 5 22 m), two vertical y-z planes (x 5 60 m and x 5 100 m), and two vertical x-z planes (y 5 248 m and y 5 230 m). According to the flow fields on the shallow horizontal plane, tidal force affected considerably the alongshore flow between x 5 60 m and x 5 100 m (Figure 7) . At low tide, the groundwater discharge caused desaturation in the sediment of the very shallow layer on the seaward boundary with pore water pressures dropped below the atmospheric pressure (Figure 7a ). However, the pressure at the exposed creek nodes remained atmospheric because of the flowing water from the upstream drainage. This pressure difference drove an alongshore flow which was typically outward from the creek between x 5 60 m and x 5 100 m. The related alongshore flow weakened with increasing distance from the creek. During the high tide, the seaward section of the creek was submerged by lagoon (sea) water (Figure 7c ). The horizontal flow velocities weakened as the tide-induced seawater infiltration dominated. Over the falling tide, groundwater started to discharge to the lagoon (Figure 7d ). The horizontal flow direction tended to be perpendicular to the shoreline, even over the curved section.
The hydraulic head on the creek boundary dominated the flow fields on the vertical plane at x 5 60 m (Figures 8a-8d ). In general, strong downward flows occurred beneath the creek at all the tidal stages. Consequently, salt influx was induced by this inflow, leading to the development of a local saltwater wedge in the alongshore direction. The influence of tides on flow fields was insignificant, except for an upward vertical flow that occurred during high tide at y 5 220 m (Figure 8c ). This was due to the convergence of the landward gradient-driven flow and tidally induced flow, similar to the flow convergence zone observed by Mao et al. [2006] . Toward the sea, the flow fields on the vertical plane at x 5 100 m were subjected to the combined influences of the creek, tide and density gradients (Figures 8e-8h) . Beneath the creek, the dominant flow was downward due to tide-induced infiltration at the high tide and recharge driven by the creek water at the low tide. The additional head gradients produced by the creek-generated alongshore flow in the surrounding area. Moreover, since the water infiltrating the creek bed was more saline, the density effects were more profound and caused greater modifications to the flow in the near-creek area. Away from the creek, the tidal force gradually became dominant: tidal-driven infiltration (downward) at the high tide and groundwater discharge (upward) at the falling tide. The comparison of the vertical flow fields at x 5 60 m and x 5 100 m shows that the extent of alongshore pore water circulation varied along the creek. Solutes that enter the downstream section of the creek are likely to move a few tens of meters in the alongshore direction. 
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As the cross-shore plane at y 5 248 m cut through the creek boundary, the corresponding flow fields depicted the influences of the seaward section of the creek (Figures 9a-9d ). Infiltration occurred persistently across the sediment surface landward of x 5 100 m. This inflow was due to seawater infiltration during the rising tide and creek water infiltration during the falling tide. As a result, the creek-originated saline plumes were formed. On the plane at y 5 230 m, the intertidal flow in the cross-shore direction was affected predominantly by the tide (Figures 9e-9h ). The flow fields showed a relatively wide groundwater discharge zone. The groundwater discharged around x 5 100 m at the falling tide and further toward the sea to the low tide mark (around x 5 125 m) at the low tide.
The groundwater circulation in the modeled system had significant 3-D characteristics that were strongly linked to the adjacent creek. First of all, the presence of the creek modified the beach morphology by delivering sediments to form a shallow delta and consequently enlarged the intertidal zone. It enhanced the interactions between the tide and groundwater flow. Then the flowing creek provided extra head gradients and density gradients to drive the flow and solute transport, especially in the alongshore direction. The flow field exhibited complex patterns due to combined influences of the creek, tide, and density gradients, especially at the high tide. The alongshore groundwater flow weakened with the increasing distance away from the creek. The flow characteristics in the region away from the creek (e.g., y 5 5 m) are similar to those of the beach groundwater system based on 2-D (cross-shore) observations [Ataie-Ashtiani et al., 1999; Robinson et al., 2007a; Kuan et al., 2012] . Since the alongshore beach morphology encountered at the study site, including the tidal creek, is common at natural coasts, the 3-D flow and salt distribution characteristics are likely to be an important feature of many nearshore groundwater systems.
Particle Tracking
Simulated particles were released to the aquifer and moved according to local instantaneous flow velocity. The particle trace was computed to track the particle's movement from the release point to the exit with the travel time calculated to record the duration of the movement. The information from particle tracking helps to better understand the pore water flow patterns, and solute transport and reactions with sediments in the aquifer. First, particles were released at various locations on a landward plane to elucidate the behavior of land-derived water and solute. Second, the behavior of particles released beneath the creek was determined to further examine the effect of the creek boundary.
Twelve particles were released from x 5 210 m (Figure 10a ). All these particles went through 3-D paths and moved toward the sea. In general, the travel time increased with increasing distance from the creek and increasing depth of the release point. Near the creek side, particles moved through relatively short paths and exited the aquifer from the landward section of the creek within relatively short time periods. However, the one released from the deep layer at x 5 220 m initially moved upward and toward the creek but prior to exiting the aquifer, it entered the intertidal zone that had been enlarged by the creek and subsequently changed its path under the tidal influence to move away from the creek and exit through the beach surface in the intertidal zone. Consequently, the travel time for this particle increased by 2.5 times compared to the travel time of a particle released from the same y location but a shallow layer. With the increased distance from the creek, the released particles typically moved toward the creek first but then away from the creek. The influence of the creek on particles gradually became weaker as they moved further away (Figure 10b ). These results suggest that both the travel time and the extent of solute (particle) contact with sediments could be modified in such a 3-D system. If the particles exited across the creek before it moved into the intertidal zone, the associated travel time was short. For particles that moved into the intertidal zone before exiting, their travel times lengthened significantly. For reactive solutes, these differences could lead to different chemical reactions that would affect significantly the transformation and fate of the solutes.
The behavior of the particles released beneath the creek showed a more significant alongshore movement (Figures 10c and 10d) . Particles released beneath the landward section moved upward and seaward. As the upward flow dominated in this section, these particles exited the creek surface within a very short time period. The particles released between x 5 70 m and x 5 90 m moved downward and away from the creek. The continuous infiltration of the creek water through the creek bed in this section generated a strong downward flow that drove the particles to move approximately 8 m deeper than the release location. These particles also moved away from the creek with a distance up to 30 m. The particles released seaward of x 5 100 m were dispersed into the saltwater wedge where the density-driven flow dominated. The three dimensionality of pore water circulation beneath the creek and adjacent area, revealed by the particle tracking, has important implications for designing a proper monitoring/sampling program to study the transport and transformation of creek-originated chemicals in the nearshore aquifer.
Water Fluxes Across the Interface
To further examine the dynamics of the nearshore aquifer, we calculated the water fluxes across the beach surface and creek boundary. Linked to the flows in the aquifer, these fluxes represent the exchange between the surface (lagoon) water and groundwater. The analysis focused on both spatial and temporal variations of these fluxes.
The net water influx and efflux across the interface were averaged over a spring-neap tidal cycle (Figure 11 ). Water influx mainly occurred along the seaward section of the creek, involving largely saltwater from the lagoon (Figure 11a ). Tidally driven saltwater infiltration across the beach surface around the high tide mark was also observed between y 5 220 m and y 5 10 m, but the amount was small due to the high inland head condition. In addition, the density-driven saltwater circulation occurred around the low tide mark at a relatively low rate. The landward section (from x 5 30 m to x 5 55 m) of the creek was shown to be a discharging zone of relatively fresh groundwater with an average salinity around 1 ppt (Figure 11b ). The influx calculation indicated that 46.5% of land-originated fresh groundwater discharged through this creek section. The remaining fresh groundwater mixed with circulating seawater and then discharged as brackish waters around x 5 100 m in the upper intertidal zone.
Given such spatial variations of water fluxes, the roles of the creek are again highlighted, as a drainage zone in the landward section and a recharge zone in the seaward section. Even though it is a small size creek in the simulated domain (creek surface area taking up 15% of the intertidal zone's total surface area), this creekinduced pronounced pore water flow and solute exchange in the alongshore direction, which cannot be quantified by 2-D models. The importance of alongshore flow and solute transport processes was also demonstrated by previous studies in other coastal environments with broader and deeper tidal creek [Acworth and Dasey, 2003; Wilson and Gardner, 2006; Castelle et al., 2007; Lenkopane et al., 2009; Xin et al., 2011; Wilson and Morris, 2012] . The mixing of groundwater, creek water, and seawater under the influence of alongshore flow and solute transport can affect significantly the biogeochemical recations and fates of concerned checmicals in the nearshore aquifer prior to discharge to the ocean. Therefore, these alongshore processes must be considered in quantifying chemical fluxes associated with groundwater discharge to the ocean.
The daily averaged influx and efflux rates across the whole interface were found to fluctuate over the spring-neap tidal cycle (Figure 12a ). From the spring tide to the neap tide, the efflux rate decreased from 46.6 to 43.5 m 3 /h over a surface area of 1700 m 2 approximately, whereas the influx rate decreased from 22.3 to 20.9 m 3 /h. The fluctuation in the total efflux was mainly controlled by the fluctuation in the efflux across the seaward boundary. Similar results were reported by previous studies, which revealed significant fluctuations in SGD based on a vertical cross-shore section over spring-neap period [Taniguchi, 2002; Robinson et al., 2007b; Abarca et al., 2013] . The discharging fresh groundwater constituted 50.1 and 52.6% of the total SGD over the spring and the neap tidal period, respectively. This result adds to the existing database of the freshwater ratio in SGD: 46% on Moreton Island [Robinson et al., 2007b] , 32 6 19% on Cape Henlopen [Hays and Ullman, 2007] , 70% in Waquoit Bay [Mulligan and Charette, 2006] , and <12% in the coastal Gulf of Mexico [Santos et al., 2009] .
Both the salt influx and efflux rates fluctuated over the spring-neap tidal cycle, consistent with the behavior of water fluxes (Figure 12b ). About 66.8 and 56.5% of the total salt influx occurred across the creek boundary over the spring tide and the neap tide, respectively. However, only 5.5-7.5% of total salt efflux was through the creek boundary. This indicates that most of the creek-originated salt was transported away from the creek and then discharged back to the lagoon through the beach surface. While the salt influx rate across the creek boundary varied over the spring-neap tidal cycle, the efflux largely associated with the density-driven circulation remained steady. The salt influx in excess of salt efflux across the creek boundary provides further evidence on the significant alongshore transport of salt originated from saltwater infiltration through the creek bed.
Conclusions
We present field evidence and numerical simulations of the combined effects of cross-shore and alongshore factors that drive the interaction among fresh groundwater, seawater, and creek water at the studied field site. Salinity measurements at the site revealed saline zones in the aquifer caused by alongshore solute transport and cross-shore seawater intrusion. Numerical simulations have been conducted to examine the dynamic 3-D flow and salt transport subjected to the influences of tides, beach morphological features, and the presence of the tidal creek. Fresh groundwater was found to get drained largely from the landward section of the creek while a large amount of saltwater infiltrated the seaward section of the creek. The presence of the creek, even though of a small size compared to the whole simulation domain, permitted the transmission of tidal signals further landward. The hydraulic head and concentration gradients along the creek drove significant groundwater flow and salt transport in the alongshore direction within the nearshore zone. Simulated salt distributions indicated the complex interaction between cross-shore saltwater wedges and alongshore saline plumes induced by the seawater infiltration from the creek.
The 3-D nearshore flow and salt distribution characteristics revealed here represent important features of not only the field site but also many nearshore groundwater systems at natural coasts, where alongshore beach morphology as encountered at the study site is common. This study has explored the behavior of a type of coastal groundwater systems, and underlying processes and mechanisms (which may also operate within other systems). The findings have broad implications for investigations of coastal groundwater dynamics, which have been so far largely limited to the 2-D cross-shore section. The key implications are that:
1. There may be few coastal groundwater systems that can be strictly considered as 2-D systems. While 2-D models have been adopted to produce useful insights into cross-shore pore water circulation and solute transport processes, the overall nearshore groundwater dynamics cannot be represented or quantified accurately without 3-D models. 2. Bi-directional beach morphology, common at natural coasts, modifies local pore water circulation with alongshore flow and solute transport. Variations of flow field and salt distributions along the shore should be considered in designing field monitoring (e.g., transect selection) and interpreting the collected data. 3. Cross-shore creeks are commonly found in coastal environments [Allen, 2000; Tagliapietra et al., 2009] .
The head and density gradients generated by the creek played very important roles in governing groundwater flow and solute transport in the nearby area. It is expected that pore water flow and solute transport will vary significantly with changes of the creek water heads and salinities, for example, over the seasonal cycles. 4. The alongshore flow and solute transport revealed here affect directly the water and solute fluxes across the sediment-water interface. Such effects should be considered in determining the SGD flux, in particular, the recirculating component, and associated biogeochemical fluxes. The alongshore saltwater intrusion can occur at a large scale in terms of the extent and intrusion distance, causing serious aquifer salinization, in areas where big tidal creeks or rivers exist.
While the present study has generated insights into 3-D pore water flow and solute transport in nearshore aquifers, further investigations are needed to examine these processes under a wider range of conditions. The simplified head boundary applied along the creek left uncertainty in determining the interaction between the creek water and seawater. Other potentially important factors including anisotropic sediments, evapotranspiration, rainfall and seasonal variations were not considered and should be investigated in future studies. Notwithstanding these further investigations, the present study, as a starting point, has revealed 3-D characteristics of nearshore groundwater flow and solute that transport that have implications for better understanding of coastal groundwater systems, concerning, for example, reactive solute transport affected by modifications of the contact between the solute and sediments. The 3-D effects may lead to significant changes of aquifer conditions for chemical and biological reactions and should be investigated. Chengji Shen for assistance with instrument installation and data collection in the field. The authors acknowledge valuable comments from three anonymous reviewers and Associate Editor, which led to significant improvement of the paper. Experimental data and numerical simulation results presented in the paper can be obtained through an email request to the corresponding author.
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